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Abstract 
BACKGROUND: The present study evaluated the effectiveness and durability of TDR for biofilm 
development and related long term usage in fixed biofilm reactors for wastewater treatment. 
RESULTS: TDR incubated (30±2ºC) with activated sludge showed comparatively higher biofilm development 
(0.51g) under aerobic than under anaerobic (0. 42g) conditions after 7 weeks. During biofilm succession, a 
significant shift in bacterial community was observed from pathogenic to autotrophic after 4 weeks. The 
decreasing bacterial count (MPN index) ( 80%) (E .coli and feacal coliforms) and COD, and BOD (70% 
approx.) depicted diminishing organic load in sludge. While, changes in pH and nutrients like NO2-, NO3-, PO43- 
and SO32- indicated presence of other key-bacterial species with efficient nutrient consuming abilities in biofilm. 
Scanning Electron Microscopy showed few aberration and rich bacterial growth on treated TDR. Furthermore, 
detailed analysis through FTIR spectroscopy confirmed minor transformation in TDR under anaerobic 
conditions. 
CONCLUSION:  TDR proved to be considerably durable and cost effective support material that can be used 
in aerobic fixed biofilm reactors for wastewater treatment. However, operational conditions of the reactor 
should be optimized to keep the biofilm structure intact and for achieving desired wastewater treatment 
efficiency. 
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INTRODUCTION 
Wastewater treatment using attached growth biological process, under aerobic or anaerobic conditions, has been 
widely practiced.1Attached growth reactor configurations applied in wastewater treatment include trickling 
filters, high rate plastic media filters, rotating biological contactors, fluidized bed biofilm reactors, airlift 
reactors, granular filters and membrane immobilized cell reactor.1, 2 
The formation of biofilm on support media is the essential part of attached growth processes; the microbial 
communities and their metabolic pathways are distinct in aerobic and anaerobic processes, resulting in their 
peculiar mechanisms of pollutants removal.2 A biofilm is complex microbial derived sessile coherent 
community of cells adhere to surface.3, 4 Formation of a static biofilm begins with the attachment of free-floating 
microorganisms to a surface.5 After adherence, bacteria produce matrix of hydrated extracellular polymeric 
substances (EPS) which mediates their adhesion to substrates and forms a cohesive, three-dimensional polymer 
network that interconnects and transiently immobilizes biofilm cells.6, 7 Cell division and recruitment of new 
cells results in the growth and development of the biofilm communities, i.e. maturation,  resulting in the 
formation of biofilm that expands to form a layer covering the surface.8 Widely used parameters for biofilm 
characterization during biofilm formation, detachment and composition on support media include gravimetric 
analysis parameters, such as, optical density, thickness, total cell count and weight.9, 10 Some other techniques 
also help to understand the biofilm formation process, i.e. Light microscopy,11 Scanning electron microscopy 
(SEM),11 Confocal electron microscopy,12 Spectroscopic analysis, i.e. FTIR and NMR, and various molecular 
methods including GEL electrophoresis,1316S Ribosomal RNA sequencing, DGGE and FISH.6, 14  
Biofilm support media is one of the most critical factors by providing surface to biomass growth and also 
microbial attachment and contact with contaminants for removal.15 Different types of synthetic and natural 
materials are used as matrix media for bio-layer formation. Among various synthetic media, rubber has potential 
for application as biofilm support media, due to its physico-chemical properties. Tire rubber material can 
support microbial growth owing to its constant shape and durability.16 The recycled tire rubber has variable 
surface pH, and it tends to maintain a specific gravity close to unity, with a hydraulic conductivity between 0.2-
0.8 cm/s, and a water adsorption capability between 5-10%.17 Globally, more than 330 million waste tires are 
discarded each year. Such tires have become a serious source of waste to pollution. On the other hand, waste 
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tires represent interesting source for activated carbons because of its high carbon content and is thought to be 
used as a supporting media in fixed film batch bioreactor.18 
Tire-derived rubber (TDR) seems to be a valuable option for wastewater treatment; they can be easily obtained 
at low costs, and in large quantities. Moreover, several bioreactors with TDR, such as trickling filters, hybrid 
SGBR with TDR particles and anoxic TDR particle filters, have shown good performance efficiencies. TDR 
media provide a large surface area, high porosity, and they are generally resistant to biodegradation.19 Therefore, 
this work aims to study the biofilm progression on TDR media under aerobic and anaerobic conditions for 
biological wastewater treatment. This study covers a detailed investigation of the physiological activities and 
evaluation of most suitable stage of biofilm systems, by means of observing the changes in the chemical 
characteristics of sludge and the TDR material, and by analyzing the biodegradation potential under aerobic and 
anaerobic conditions. This study provides an insight into the possible applications of TDR material as 
supporting media in fixed biofilm reactor (FBR) for cost effective and efficient wastewater treatment.  
MATERIAL AND METHODS 
Preparation and characterization of TDR media 
The TDR material (Bus radial tire) was cut into cubical pieces, with each having surface area of 21.95cm2, to be 
used for microbial fixation. X-ray Photoelectron Spectroscopy (XPS) analysis was performed using a Thermo 
Fisher Scientific Theta Probe spectrometer (East Grinstead, UK) for elemental quantification of TDR media. 
XPS spectra were acquired using a mono-chromated Al Kα X-ray source (hν = 1486.6 eV); an X-ray spot of 
~400 μm radius was employed. Survey spectra were acquired by employing pass energy of 300 eV. High 
resolution core level spectra for C1s, O1s, Ca2p and N1s were obtained with a Pass Energy of 50 eV. All other 
high resolution core level spectra were produced by employing a Pass Energy of 80 eV. All spectra were charge 
referenced against the C1s peak at 285 eV to correct for charging effects during acquisition. Quantitative surface 
chemical analyses were calculated from the high resolution core level spectra following the removal of a non-
linear (Shirley) background. The manufacturers "Avantage" software was used, which incorporates the 
appropriate sensitivity factors and corrects for the electron energy analyzer transmission function.  
Development and characterization of biofilm on TDR media 
Activated sludge was sampled from wastewater treatment plant of Islamabad (Pakistan) in sterilized nalgean 
bottles (1000 mL) to be used as seed for colonization of bacterial community on TDR media. The bacteria 
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present in the sludge were identified and characterized according to the Bergey’s Manual of Determinative 
Bacteriology.20 The biofilm was developed on washed and sterilized TDR media by incubating it in same source 
of activated sludge (300 mL) under aerobic as well as anaerobic conditions at 30±2°C. The experimental set-up 
consist of two sets of bioreactors i.e., small glass jars (height=19.05 cm, radius=6.95 cm) with volumetric 
capacity of 2,891.93 cm3 packed with TDR support media (three TDR cubes in each reactor) for biofilm growth. 
One set of bioreactors was periodically agitated and covered with perforated material for maintaining aerobic 
environment, while another set was initially sparged with nitrogen gas (5 min) and then sealed with paraffin to 
create anaerobic conditions. Both sets of bioreactors were operated in batch mode without additional organic 
substrate source, in order to investigate the changes in the fixed film systems (both on the activated sludge 
constituents and TDR material itself).   
Characterization of activated sludge and biofilm growth 
During growth of microbes on TDR media, the sludge samples were collected at certain time intervals (0, 3rd, 6th 
and 9th weeks) from both aerobic and anaerobic experimental setups, and were subjected to microbiological 
analysis (MPN index)20 of pathogenic indicators and chemical analyses, includes chemical oxygen demand 
(COD) and Biochemical oxygen demand (BOD5), Nitrite (NO2–), Nitrate (NO3–), Phosphate (PO4–) and sulphate 
(SO4–) by standard methods.21 Changes in pH of sludge was determined by digital pH meter (D-25 
Horiba).Statistical analysis was carried out by Microsoft excel program 2007. All the analyses (chemical tests) 
were conducted in triplicates and in order to find out treatment efficiencies, the mean values of each parameter 
tested at different weeks of incubation were compared with its zero time value by t-test and P < 0.05 was 
considered as minimum value for statistical significance. 
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Monitoring of microbial growth of biofilm on TDR media 
The microbial succession on TDR media was monitored by Gravimetric (weight and optical density), 
microscopic and heterotrophic plate count (HPC mL–1 of selected bacteria) under aerobic and anaerobic 
conditions for nine weeks at regular interval. 
Estimation of biofilm weight  
Both dry and wet weights of biofilm on TDR media were estimated by using digital weighing balance (Scout TM 
pro, OHAUS). The wet weights of biofilm were taken after soft rinsing with distilled while dry weight was 
determined after soft rinsing with distilled water followed by oven dry (Toyo Seisakusho Co.) at 60°C till 
accomplishment of constant value.22 Finally the weight of the biofilm on matrix under both conditions was 
calculated by means of difference. 
Estimation of biofilm optical density  
The biofilm was also quantified by their optical density (OD). The TDR media supporting biofilms were first 
rinsed with sterilized water to ensure the removal of any material form sludge on its surface. Then microbial 
growth was removed from TDR media in 0.9% saline by sonication (Sonicator, Yamato) for 15 minutes. Finally 
the spectrophotometric absorbance (Agilent UV–Visible Spectrophotometer 8453) of dissolved biofilms was 
recorded at 550 nm wavelength (OD550) using saline as blank. 
Estimation of heterotrophic plate count (HPC mL–1) 
The HPCmL–1 of biofilm on TDR media from sludge were determined by conventional serial dilution method. 
The biofilm dissolved in 0.9% saline was serially diluted up to 10-5 spread plated on the selective growth media 
(i.e., Nutrient agar, Eosin methylene blue agar, MaConecky agar, Salmonella shigella agar, Pseudomonas 
citrimide agar, Mannitol salt agar, Blood agar etc.) and incubated at 37°C for 24-48 h. The microbial growth 
appeared on specific media was enumerated in terms HPCmL–1(pathogenic indicators). Pure cultures from these 
plates were identified by colony morphology, microscopic (gram’s staining and shapes) and biochemical tests 
(Triple sugar iron test for Lactose/Glucose fermentation, Indole and H2S test, Citrate utilization test, Nitrate 
reduction test, Catalase test, Carbohydrate fermentation, Urease test and Methyl red Vogas Proskauer test).  
Biodegradation analysis of TDR media 
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Scanning electron microscopy (SEM) 
For scanning electron microscopic (SEM) analysis, thin rubber section with biofilms were taken from the batch 
reactor and immersed in 0.2M phosphate buffer. The samples were then washed twice and fixed. The fixed 
samples were dehydrated (KADA® 85 U/SMD) for 2 minutes and coated with gold. The coated samples were 
examined under a SEM (model JEOL JSM-5910) at 1000x and 3000x. 
Fourier transform infrared spectroscopy (FTIR) 
FTIR analysis of TDR media was carried out before and after fixation of biofilm in order to determine the 
degradation during biofilm expansion under aerobic and anaerobic environments. For degradative analysis of 
media, the biofilms were removed from the support media by 0.9% saline and then TDR cubes were washed 
with distilled water before subjected to Fourier Transform Infrared Spectroscopy (FTIR, Merlin 56). The spectra 
of FTIR were scanned at 600 to 4000 cm-1 in triplicate.  
RESULTS AND DISCUSSION 
The present investigation deals with the succession of microbial biofilm on TDR media, the analysis of biofilm 
physiological activities and capacity to cause biodegradation of media after exposure to activated sludge under 
aerobic and anaerobic conditions. This study also revealed the most suitable stage (metabolically active) of 
microbial growth having maximum potential to treat wastewater and more compatible, durable and inert media 
to be used in FBR. It is necessary to select best supporting media and active stage of biofilm to be employed in 
the FBRs because their treatment efficiency depends on the microbes and filter media. 23, 24 
Characterization of TDR medium by XPS 
Using XPS, it became achievable to identify elements i.e. carbon (83.5%), oxygen (9.5%), silicon (3.7%), 
nitrogen (2.96%), sulpher (0.30%) and zinc (0.13%) both in small and large areas of the tested TDR material 
(Fig 1). TDR filter media has potential (non toxic elements) to maintain growth of a biofilm which can 
biologically oxidize organic content of sludge. However, the presence of chlorine, sulfur, silicon, calcium, 
oxygen, zinc and magnesium was observed in TDR particles used as biofilter.25 
Assessment of microbiological changes in sludge during biofilm development on TDR medium 
Development of biolayer on TDR media exerted microbiological and physico-chemical changes in the feed 
sludge. The microbiological changes in the sludge were due to fixation of bacteria on TDR media and physico-
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chemical changes was owing to (free and fixed) physiological activities of microbes. Thus investigations were 
also focused on the bacteriological analysis of sludge during succession of biofilm on TDR media by 
considering qualitative and quantitative analysis of indicator bacteria before and after nine weeks of duration 
under aerobic and anaerobic conditions. 
The enumeration (strength) of indicator microbes were conducted by MPN per 100mL tests (MPN index for 
fecal coliforms and for E. coli (considering 95% confidence limits). A significant reduction in MPN for fecal 
coliform (97.5% and 99% in aerobic and anaerobic environments respectively) was detected after 9 weeks 
(Table 2). Similarly MPN results of E. coli showed reduction to 150 (86.3%) and 210 (81%) per 100 mL under 
aerobic and anaerobic conditions respectively from initial count of >1100/100 mL (Table 2). This diminution in 
pathogenic indicators was ascribed to their adhesion in the form of biofilms and also to the depletion (oxidation 
in aerobic and digestion in anaerobic environments) of organic nutrients in the sludge with passage of time. The 
drop off in pathogenic microbial consortia in wastewater is due to maintenance in the biofilm by association and 
are later detached or deactivated by predation or natural die off practice.26 
Assessment of chemical changes in sludge during biofilm development on TDR medium 
Various physico-chemical parameters of sludge were monitored at regular interval (0, 3rd, 6th and 9th weeks) in 
order to determine microbial activities. These parameters were considered for recognition of invading bacteria 
of wastewater treating biofilm by other investigators.27 The COD indicated total carbon content (organic and 
inorganic) of sludge before and after the biofilm development on TDR. Initially the mean COD of sludge was 
296 mg L–1 and then significantly reduced (p  0.05) to 79 and 89 mg L–1after nine weeks under aerobic and 
anaerobic conditions respectively, as shown in Fig. 2(A). Under aerobic conditions, COD showed considerable 
decrease (p = 0.015) and comparatively more drastic percent removal of COD was observed in the sludge 
(56.6%) having six week old biomass growth on media as compared to 3rd and 9th weeks old biofilm (28.8 and 
72.9% respectively). Thus six weeks old biofilms can be considered in physiologically active phase regarding 
COD removal. While, in case of anaerobic condition, a highly significant reduction (p = 0.013) was noticed in 
COD concentrations after nine weeks, (Fig. 2A). Thus decrease of 73.32 and 69.9% COD of sludge after nine 
weeks was exerted by aerobic and anaerobic rubber biofilm respectively. Similar COD reduction in FBR was 
observed by various researchers.28-31 A decrease in COD concentration was due to efficient degradation of 
organic compounds (mass transfer) by activity of microbes in the sludge and biofilm.32, 33 
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The average BOD of activated sludge prior to experiment was 198.56 mg L–1and noticeably decreased (p  
0.05) to 106.08 (46.6%) and 53.72 mg.L–1(72.9%) after six and nine weeks of biofilm development under 
aerobic conditions. While, six and nine weeks anaerobic biofilms exerts decline of BOD to 111.52 (43.8%) and 
60.53 mg L–1(69.5%) respectively, as shown in Fig. 2(B). The BOD was significantly reduced in both aerobic (p 
= 0.017) and anaerobic (p = 0.014) experimental operates after nine weeks of microbial growth on TDR media. 
Initial high concentration of BOD of activated sludge was due to the presence of organic compounds and 
bacteria that used large amount of oxygen for their oxidation. Reduction in its concentration during nine weeks 
of biofilm development indicates high biodegradation of organic matter in sludge. Experimentally it was 
verified that in FBR, reduction in BOD was due to microorganisms present within biofilm.34 Generally, a 
significant though inverse correlation exist between BOD or COD with DO. Similar pattern was followed in the 
present investigation where the average initial concentration of DO in activated sludge was raised from 1.20 to 
3.2 mg L–1 (210%) under aerobic environment after 9 weeks of incubation. This raise in DO was facilitated 
through agitation with succeeding degradation rates of organic matter in the sludge. Contrarily, the DO levels of 
the anaerobic experimental setup was reduced (27%) to 0.74 mg L–1 which clearly indicated exhausting of  DO 
level in the sludge due to oxidation of organic and inorganic compounds (Fig. 2C). 
During succession of the microorganisms on rubber the pH values of sludge showed slight deviation from 7.04 
to 7.18 after one week, and reached to pH 7.51 in nine weeks under aerobic conditions. While, under anaerobic 
conditions it remained in neutral range (7.04 - 7.23) until ninth week of biofilm growth (Fig. 2D). This pH range 
is appropriate for biological activities. Also, research on activated sludge systems has shown that bacteria are 
activated in pH 4-9.35 However, high pH has positive effect on wastewater treating processes, as at high pH, 
bacteria change its isoelectric state, resulting in increase of the active sites on cells, exotic polymers, and as a 
result improvement in the ability for bridging and biofloculation.36 
Changes in various nutrient concentrations were also considered during biofilm growth on TDR in order to 
explore the existence (physiological activities) of autotrophic microbes. Initial average concentration of NO2- 
was 0.126 mg L–1and then showed decrease under aerobic (0.021 mg L–1) and anaerobic (0.016 mgL–1) 
conditions after nine weeks (Fig. 3A). On the other hand the concentration of NO3- showed gradual increase 
from its mean value of 0.372 mg L–1during fixation and maturation of biofilm and reached to 0.5082 and 0.6816 
mgL–1 under aerobic and anaerobic conditions respectively after nine weeks (Fig. 3B). The decline in 
concentration of NO2- and raise in NO3-was attributed to the nitrite oxidizing activity of nitrifying bacteria 
This article is protected by copyright. All rights reserved. 
(Nitrosomonas sp. and Nitrobactor sp.). These fluctuations in concentration of nitrite and nitrate in the sludge by 
the existence of both kinds of bacteria was also reported by many other researchers.30, 36, However, E. coli and 
Pseudomonas sp. are also reported to carry out nitrification.37 Thus, E. coli and P. aerouginosa observed in the 
developing biofilm on TDR might be responsible of some extent of nitrification. 
Phosphate (PO4-3) concentration was 0.016 mgL–1 in activated sludge before subjected to biogrowth on TDR 
media. Its concentration was slightly decreased (p = 0.05) and reached to 0.021 and 0.007 mgL–1after nine 
weeks under aerobic and anaerobic conditions respectively (Fig. 3C). This showed that polyphosphorus 
accumulating bacteria (PAO’s) might be present in the biofilm that used soluble phosphorus as a substrate. The 
removal of phosphate being due to the intracellular accumulation by the organisms was confirmed by 
microscopic observation.38 Microbes utilize phosphorus during cell synthesis and energy transport. As a result, 
10 to 30% of all influent phosphorus is removed during secondary biological treatment.39, 40 Peng et al.41 
reported denitrifying phosphorous removal in a sequencing batch reactor (SBR) operated using a real-time step 
feed strategy. 
Average concentration of sulphate was 0.220 mgL–1 in the sludge and after nine weeks during the succession of 
biolayer on media it showed decrease (p = 0.05) to 0.084 and 0.074 mgL–1 under aerobic and anaerobic 
environments respectively (Fig. 3D). Such decline of 61.5 and 66.3% in aerobic and anaerobic experimental 
operates was owing to microbial exploitation of sulphates.42 Pungent odor was noticed in the experimental set 
up under anaerobic condition due to reduction of sulphates to hydrogen sulfide. 
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Assessment of biofilm growth on TDR medium 
A significant increase in gravimetric weight of biofilm was observed under aerobic and anaerobic environments. 
Under aerobic conditions wet weight of biofilm increased (54.9%, p  0.05) up to 7th week from 0.23 ± 0.01 to 
0.51g. While, significant increase (95.1%, p  0.01) was also observed in dry weight (0.02 ± 0.01 to 0.41g) as 
shown in Fig. 4(B). Similarly, under anaerobic conditions the wet weight increased from 0.31 ± 0.01 to 0.42g 
(26.2%). On the other hand, dry weight of biofilm showed considerable increase (84%, p  0.01) from 0.04 ± 
0.001 to 0.25g in seven weeks and then slight decreased (0.18 ± 0.001g) after nine weeks (Fig. 4C). The 
increase in weights (wet and dry) of biofilm was ascribed to large surface area provided rough texture for quick 
colonization, division (growth and maturation) of fixed cells and secretion of glue like layer of EPS during 
attachment of microbes on supporting materials. The increased growth of biomass with passage of time was also 
shown by increased OD of biofilm. OD was most reliable method to quantify total biofilm and there was a linear 
relation between optical density and dry weight and OD is proportional to strength of bacteria within fixed 
ranges of cell size and shape.43, 44 Under aerobic conditions biofilm showed drastic increase in OD(550) after 1st 
week (0.249 ± 0.0050) followed by slow change till 7th week (0.186 ± 0.0056) which further decreased due to 
detachment, and reached to 0.14806 ± 0.0062 after nine weeks. Fluctuations in OD(550) of anaerobic biofilm on 
TDR media was recorded  i.e. 3rd week OD was 0.546 ± 0.0023 followed by reduction after 5th week (0.214 ± 
0.007) and again increased in seven weeks (0.5739 ± 0.0002) old biofilm. Then it decreased after nine weeks 
(0.119 ± 0.004) of experiment (Fig. 4A). The increase in biofilm weight and OD were also confirmed by SEM 
analysis. Scanning electron microscopy is a well-established fundamental technique to examine the morphology 
of bacteria adhered on surfaces, the topography of the material surface, and the associations between them. 
Various conclusions about biofilm development, composition, distribution, and relationship to substratum have 
been resultant from SEM.45 SEM micrographs revealed the high surface area due to porous nature of the TDR 
media (Fig. 5A). Large surface area will sustain more microbial growth. Fig. 5(B) illustrates primarily (3rd week 
biofilm) few bacteria on the media but six weeks old biofilm has some cocci and bacilli of various sizes under 
aerobic conditions, as shown in Fig. 5(C). While Fig. 5(D) revealed considerable increase in aerobic bacterial 
growth (9th week biofilm) on TDR media. Fig. 5(E) shows three weeks old biogrowth having few bacilli on the 
surface of TDR media. While Fig. 5(F) illustrating drastic increase in bacilli of larger sizes during succession of 
the biofilm after six weeks. On the other hand, nine weeks old biofilm has bacteria (mostly rods) embedded 
deep in thick EPS, as shown in Fig. 5(G). Thus SEM revealed constant enlargement in the growth of the biofilm 
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during its succession on TDR media. But pattern of biofilm expansion was different under anaerobic as 
compared to aerobic state.  
Assessment of heterotrophic plate count (HPC.mL-1)  
Microbiological characterization of sludge (before subjected to biofilm growth) on the basis of colony 
morphology, microscopic and biochemical tests showed the presence of 14 bacterial strains. Most of them were 
gram negative rods (Escherichia coli, Pseudomonas aeruginosa, Enterobacter aerogenes, Salmonella 
typhimurium, Proteus vulgaris, Alcaligenes faecalis, Shigella dysenteriae, and Klebsiella pnuemoniae) and five 
were gram positive (Bacillus subtilis, Staphylococcus aureus, Micrococcus luteus, Streptococcus lactis, and 
Corynebacterium xerosis). Among Gram positives different microscopic shapes were revealed viz., short chain 
rods (B. subtilis), diplococcic (M. luteus), short chain cocci (S. lactis) and Phalliside rods (C. xerosis). A number 
of invading primary biofilm colonizers on TDR media were gram negative, flagellated, aggregated rather than 
being a single layer cells. Such type of bacteria was also reported from wastewater treating fixed biofilms.46, 47 
The composition and development of such biogrowth depend on many factors (nature of media, availability of 
water, organics) and microbes in the sludge. Some bacterial species i.e. E. coli, P. aeruginosa, S. typhimurium 
and S. dysenteriae were selected to be monitored by their viable colony count (HPC mL–1) on TDR media under 
aerobic and anaerobic conditions for nine weeks in order to explore the exact time of microbial shift from 
pathogenic biofilm. According to Uhlich et al.48 these Enterobacters (E. coli, Salmonella and Shigella) have 
curly adhesive fibers which support biofilm formation to abiotic surfaces under different conditions and biofilm 
formation capacities of E. coli (K-12) were directly related with its ability to swim with flagella.49 
Aerobically developed biofilm showed an increase of E. coli HPC mL–1 till 2nd week (2.9 x 103) followed by a 
decrease in four weeks (1.2 x 103) and finally vanished in five week’s old biofilms. The second pathogen, S. 
typhimurium was identified only till 2nd week (1 x 102 and 1.5 x 102). While, S. dysenteriae was noticed in first 
three weeks with HPC mL–11.5 x 102, 3.7 x 102 and 1 x 102 respectively (Fig. 6A). Under anaerobic conditions, 
E. coli was noticed till 4th week (HPC mL–1; 3.6 x 103) whereas highest count of S. typhimurium was recorded in 
two weeks old biofilm (1.5x 102) and then disappeared after 3rd week. The third pathogenic indicator S. 
dysenteriae was found till 3rd week (1.2 x 102) (Fig. 6A). But, P. aeruginosa was not seen on rubber media 
under both aerobic and anaerobic conditions till nine weeks (Fig. 6A and B). However, it was previously 
reported that P. aeruginosa canform biofilm under any condition that allow growth.50 Thus, it was evident from 
present study that TDR media cannot support P. aeruginosa growth. The disappearance of all selected 
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pathogens in five weeks old biofilm, constant increase in weight and OD of biofilm, reduction in chemical 
parameters (COD and BOD)  and various nutrients (NO2-, NO3-, PO43- and SO32-) in sludge pointing towards the 
microbial shift from pathogenic indicators towards other microbes (both heterotrophic and autotrophic) involved 
in formation of biofilm on TDR.  
Assessment of biodegradation of TDR medium 
Surface examination of rubber media through SEM showed erosions and extensive roughening on the top 
surface in comparison to control (Fig. 6). The Cracks in the films were infested with microbial growth. Such 
colonization and adhesion by microorganisms are a fundamental prerequisite for biodegradation of the 
polymer.51 The rubber media showed clear surface erosion, cracks, holes and initiation points, indicating that the 
polymer has become brittle due to microbial growth on the surface. Surface cracks of media become wider 
under anaerobic environment than under aerobic condition (Fig. 6F). Park et al.19 also reported TDR media 
support biological activity in a variety of wastewater treatment applications. Park et al.25 also used the technique 
of SEM to study the microbial population on tire derived rubber particles (TDRP) used as biofiltration media for 
hydrogen sulfide odor removal. Moreover, SEM analysis of the TDR media collected from FBR showed the 
homogeneous and abundant microorganisms on every surface. Therefore, the applicability of TDR as the 
biofiltration media can be very comprehensive in environmental field.52 Thus TDR media supporting 
physiologically energetic biofilm can be used for wastewater treatment in aerobic attached growth reactors. 
Hirai et al.53 also reported that good media has high porosity, large surface area, experience little change in 
character over long operation, low density etc. 
The biodegradation of TDR was evaluated through FTIR as it was previously investigated.54-57 Under aerobic 
condition no significant changes occurred in the FTIR spectrum till 4th week, however, few new peaks were 
developed at regions of 1541 cm-1 and 1464 cm-1 indicating the production of C=C after 5th and 6th week. 
Additionally, a couple of peaks also referred development of C-H (SP3 hybridization) at 2861 and 2921 cm-
1(Fig. 7A).  Similar bonding patter i.e., C-H (SP3 hybridization) was appeared at 2915.28 cm-1 and 2847.50 cm-1 
in FTIR spectrum after 1st week under anaerobic condition. A sharp peak appeared at 2168.58 cm-1 showing 
terminal alkynes production and two new peaks developed at 1635.06 and 1543.94 cm-1 indicating -NH2 
bending. After 3rd week a broader peak developed at 3052 cm-1 denoting carboxylic acid production by 
oxidation. After 4th week peaks showing more acid production and saturation through development of single 
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bond C-H i.e. sp3 hybridization (Fig. 7B). It was obvious that microbial succession caused limited 
biotransformation in TDR although it was higher under anaerobic compared to aerobic experimental condition.  
Many previous reports have also established the biodegradation or biotransformation of natural and synthesis 
rubber, however, synthesis or blended form of rubber was prone to less biodegradation.58-63 The chemical 
changes in rubber have been linked with oxidative breakdown of the polymeric structures (isoprene, styrene, 
neprene and butadiene) by extracellular oxidative enzymes leading to production of aldehyde and/or carbonyl 
groups. In this reference the role of bacterial species like Nocardia sp. strain 835A, 64 Pseudomonas aeruginosa 
AL98, 65 Bacillus sp. SBS25, 66 Streptomyces sp. strain K30 and Xanthomonas sp. strain 35Y63 have been well 
established. The durability of TDR depends upon its strong polymeric nature combined with different adhesives, 
retardants, and vulcanizing agents. Limited bio-transformation of surface composition of TDR indicated that it 
can be a valuable support material in aerobic FBR for long term usage in wastewater treatment.  
Additionally, the results also highlighted the magnitude of microbially mediated biodegradation of TDR at sites 
where solid waste containing discarded tires and related polymer is dumped in soil. As synthetic rubber 
biodegradation has proved to be a very slow process.61 So, therefore, the natural phenomenon of bioremediation 
of polymeric compounds can be further stimulated by augmenting relevant microbes by supplementing their 
nutritional requirements in the natural environments.  
CONCLUSIONS 
Monitoring of the microbial succession on TDR media from sludge showed maximum growth stage at sixth 
week in both aerobic and anaerobic conditions. The observations on the changes in activated sludge constituents 
and TDR material itself showed remarkable influence of both aerobic and anaerobic conditions. A significant 
reduction in various chemical parameters (COD, BOD) of sludge has been observed, on account of undergoing 
physiological activities of microorganisms. Decrease of HPC mL-1 (pathogenic indicators) in biofilm and MPN 
index (fecal coliforms and E. coli) of sludge represented a shift from pathogenic indicators to beneficial 
microbes for removal of organic contaminants in the sludge. TDR media showed durability under aerobic 
condition as observed by biodegradation investigation (SEM and FTIR) and can be employed as biofilter media 
in aerobic FBR for wastewater treatment. Therefore, the aerobic condition in the biofilm system with TDR 
media can ensure the efficiency and durability of the bioreactor components. However, the application of TDR 
This article is protected by copyright. All rights reserved. 
media in anaerobic bioreactors requires further research in order to investigate the media replacement and post-
treatment strategies after anaerobic treatment step. 
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Figure. 1 X-ray Photoelectron Spectroscopic (XPS) analysis of TDR media. 
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Figure. 2 Changes in the levels of COD (A), BOD (B) DO (C) and pH (D) in the activated sludge during 
development of biofilm on TDR media under aerobic and anaerobic conditions. 
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Figure. 3 Changes in the concentrations of Nitrites (A), Nitrates (B), Phosphates(C) and Sulphates (D) in 
activated sludge during development of biofilm on TDR media under aerobic and anaerobic conditions. 
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Figure. 4 Changes in the biofilm OD (A), aerobic weight (B) and anaerobic weight (B) during development on 
TDR media from activated sludge. 
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Figure. 5 SEM micrographs of TDR media and biofilm development. Before colonization of TDR media (A), 
3rd(B), 6th (C) and 9th(D) weeks biofilms formed under aerobic conditions. While 3rd(E), 6th(F) and 9th(G) week 
(with an abundant exopolymeric matrix) biofilms originated under anaerobic conditions. 
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Figure. 7 FTIR spectra of considerable changes in the TDR media under aerobic (A) and anaerobic conditions 
(B) till first six weeks of incubation with activated sludge. 
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Table 1.Composition of the activated sludge used for the development of biofilm on TDR media under aerobic 
and anaerobic conditions 
 
Table 1 
 
 
 
 
 
 
 
 
 
 
 
                         
 
 
  
Parameters    Concentrations (ava.) 
BOD5 (mg L-1) 198.56 
COD ( mg L-1) 296 
DO ( mg L-1) 1.02 
pH 7.04 
Nitrites ( mg L-1) 0.126 
Nitrates ( mg L-1) 0.372 
Phosphates ( mg L-
1) 
0.0163 
Sulphates ( mg L-1) 0.2201 
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Table 2. MPN Index of E. coli and Fecal coliforms in the sludge before and after the development of biofilm on 
TDR media under aerobic and anaerobic conditions 
 
 
Table 2. 
 
 
 
 
Matrix media 
 
 
Duration 
E. coli Fecal coliforms 
 
MPN 
index/100mL 
 
95% confidence limit 
 
MPN 
index/100mL 
 
95% confidence limit 
 
Without media (blank) 
 
Before Colonization  
>1100 
Lower Upper 
>1100 
Lowe
r Upper 
150 4800 150 4800 
  
After nine weeks 
 
150 
 
30 
 
440 
 
28 
 
10 
 
150 Aerobic (TDR media) 
     
  
After nine weeks 210 35 470 7 1 23 Anaerobic (TDR  media) 
